We study the masses of open charm and bottom tetraquark states within the diquark-antidiquark scenario in the relativized quark model proposed by Godfrey and Isgur. The diquark and antidiquark masses are firstly solved by relativized quark potential, and then treated as the usual antiquark and quark, respectively. The masses of tetraquark states are obtained by solving the Schrödinger-type equation between the new diquark and antidiquark. We find the masses of sqbq tetraquark configuration are much higher than that of X(5568). This conclusion disfavors the possibility of X(5568) as a tetraquark state within the diquark-antidiquark scenario. Further experimental searches are needed to clarify the nature of the signal observed by D0 collaboration.
I. INTRODUCTION
Recently, the D0 Collaboration reported the evidence of a narrow structure X(5568) in the X(5568) → B The experimental efforts have immediately attracted great interests and many theoretical studies on the X(5568) with different interpretations. Considering the mass, production, strong decay, and decay constant, many investigations regard the X(5568) as a tetraquark state within the framework of QCD sum rule and simple quark model [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , which explantation is suggested by D0 Collaboration. The structures under B s π, BK and B * K molecular pictures, dynamically generated states, and hybridized tetraquarks are also proposed [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Moreover, some works discuss the charmed partners of X(5568) [31] [32] [33] . In addition, the non-resonance interpretations of the X(5568) structure also exist. In Refs. [34, 35] , the authors suggest that X(5568) may be resulted from the near threshold kinematic effects. The quite large production rate of X(5568) cannot be understood by the general hadronization mechanism [36] . It should be mentioned that the compre- * Electronic address: lvqifang@ihep.ac.cn † Electronic address: dongyb@ihep.ac.cn hensive discussions and reviews on X(5568) are performed in Refs. [37] [38] [39] .
Before the observation of X(5568), there have been some studies on open charm and bottom tetraquark states, which mainly focus on their masse spectra [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Those calculations include diquark-antidiquark picture, compact tetraquark, mixture of quark-antiquark and four quark components, and molecular sceneario, which intends to reveal the nature of D * s0 (2317). Some calculations indicate the D * s0 (2317) can be treated as a tetraquark state [40, 41] , while others give much higher masses of the four quark components than that of D * s0 (2317) as well as the DK threshold [42] [43] [44] [45] [46] . For the molecular scenario, most works indicate that a weekly bounded DK state can be obtained [47] [48] [49] , while others suggest the attraction between these two pseudoscalar mesons is not strong enough to form bound state [50] . In the open bottom sector, higher masses are given in diquark-antidiquark pictures [46] , and it is found that the BK system can be weekly bounded [48, 51] .
Unlike the D * s0 (2317), the X(5568) cannot be regarded as a conventional meson or the mixture of quark-antiquark and four quark components due to its four distinct quark flavors. Most of the molecular and dynamically generated states interpretations cannot give the right mass and therefore can be excluded [22-28, 37, 47, 48, 51] . However, the authors argue that the BK and B s π interactions can generate the X(5568) dynamically when the next-leading order Lagrangian is included [29] . The tetraquark explanation is supported by QCD sum rule and simple quark model [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , but disfavored by the relativistic calculation and general discussions [37, 38, 46] . Hence, it is natural to study the open charm and bottom tetraquark masses within a more realistic potential model, which is helpful to disentangle this conflict.
In this work, we apply the relativized quark model to calculate the masses of diquark and tetraquark states. The relativized quark model, proposed by Godfrey and Isgur, has been extensively used to predict the properties of the conventional mesons [52] [53] [54] [55] [56] [57] [58] [59] [60] . It has been concluded that this model gives a unified description of the light mesons, heavy-light mesons and heavy quarkonium, and therefore, it is suitable to deal with the X(5568) state, in which both light-light and heavylight systems are included. Moreover, the relativistic effects are also considered in the model, which may be essential for the light quarks. We perform a calculation in the diquarkantidiquark picture following the route proposed by Ebert, Faustov, and Galkin [46, [61] [62] [63] [64] [65] [66] [67] . The corresponding diquark and antidiquark masses are estimated with the relativized potential firstly, an then treated as the usual antiquark and quark, respectively. The masses of the tetraquark states are, therefore, obtained by solving the Schrödinger-type equation between the diquark and antidiquark. In Ref. [68] , Capstick and Isgur adopted the same relativized potential to evaluate the baryon spectra within three body calculations. The computational schedule is very complicated, and can be hardly extended to study the four quark systems. We prefer to use the diquark-antidiquark picture to estimate the open charm and bottom tetraquark states in the present work. We find that our results give much higher masses of sqbq tetraquark configuration. It disfavors the assumption of X(5568) as a tetraquark state within the diquark-antidiquark scenario.
This paper is organized as follows. The relativized quark model is briefly introduced and the masses of diquarks are calculated in Sec. II. The masses of tetraquark states and discussions are presented in Sec. III. Finally, we give a short summary in the last section.
II. MASSES OF DIQUARKS
The Hamiltonian between quark and antiquark in the relativized quark model can be expressed as
where theH con f 12 includes the spin-independent linear confinement and Coulomb-like interaction, theH cont 12 is the color contact term, theH ten 12 is the color tensor interaction, and H so 12 is the spin-orbit term.H denotes an operator that has taken account of the relativistic effects according to the relativized scheme. The explicit forms of these interactions and the details of this relativization procedure can be found in Ref. [52] . For the quark-quark interaction in a diquark, the relationṼ(p, r) =Ṽ(p, r)/2 is employed since we only consider the3 type diquark in color space. All the model parameters used in our calculations are taken from Ref. [52] . It should be emphasized that these parameters can describe the low lying meson and baryon spectra well even comparing with the recently experimental data. While for the higher excited states, since the discussions of their assignments do not agree with each other theoretically, and they can be hardly employed for fitting the new parameters. Since only the ground states of the tetraquarks are calculated in the present work, where the parameters about the spin-orbit and tensor forces are not employed, we believe that it is enough to describe the ground tetraquark states with the original parameters.
For the diquark, thelocates in S wave. The spin-parities of the diquark are J P = 0 + and J P = 1 + , named as the scalar diquark and axial diquark, respectively. We use the Gaussian expansion method to solve the Hamiltonian (1) withṼ(p, r) potential [69] . The obtained masses of these diquarks are listed in Table. I. 
III. MASSES OF TETRAQUARK STATES
With the diquark listed in Tab. I, we can calculate the masses of the tetraquarks regarded as the bound states of the diquark and antidiquark. While the diquark structure is considered, the form factor F(r) emerges in the Coulomb-like one gluon exchange potential, that is, the −1/r term in the quarkantiquark interaction becomes −F 1 (r)F 2 (r)/r in the diquarkantidiquark interaction. The F(r), which stands for the internal structure of diquark, can be approximated, with a high accuracy, by the following expression [46] 
where the ξ and ζ are the nonnegative real numbers. It can be found that the form factor satisfies 0 ≤ F(r) ≤ 1. In our present work, we calculate the tetraquark mass with F(r) = 1, and we will discuss the effects induced by this form factor qualitatively later on. In the F(r) = 1 case, the screen effects due to the finite size of the diquark are totally neglected, namely, the diquark is treated as a point-like antiquark or the distance between the diquark and antidiquark is large enough [41, 67, [70] [71] [72] [73] [74] [75] [76] . The predicted masses of the open charm and bottom tetraquark states in 1S ground states are shown in Tab II. For the sqbq quark content, we also plot the mass spectrum in Fig. 1 . We find that for a certain quark flavor, the lowest state is the J P = 0 + AĀ type diquark-antidiquark configuration. This order of mass spectrum is different from the results of Ref. [46] , in which the J P = 0 + SS type is the lowest one. If the spinspin interaction is treated perturbatively, it can provide the fine splitting with coefficients of -2, -1, and 2 for the 0 + , 1 + , and 2 + AĀ states, respectively, and no fine structure exists for the SS tetraquark. Although the mass of A type diquark is higher than that of S type, the larger fine splitting induced by the spin-spin interaction can reduce J P = 0 + AĀ state to be the lowest one. The lowest mass of J P = 0 + sqbq state, in our calculation, is 6150 MeV, which is much larger than the mass of X(5568) state. The lowest mass of J P = 1 + sqbq state is 6210 MeV, which is also larger than m(X(5568)) + m(B * s ) − m(B s ). We see that for both the 0 + and 1 + cases, the predicted masses are much larger than the experimental data. Hence, our calculated results disfavor the possibility of X(5568) as a tetraquark state within the diquark-antidiquark scenario. Different from our results, some works claim that they can describe the mass of X(5568) in tetraquark picture. In those calculations, the selected masses of diquarks are lower than ours, and they are not consistently obtained by solving the quark model potentials. For example, a set of parameters with m bq = 5.249 GeV and m sq = 0.590 GeV are used to calculate the masses of sqbq tetraquarks, in which the lowest J P = 0 + states is about 150 MeV higher than the X(5568) [6, 41] . If we take those lighter diquark values as the masses of the A type diquarks and solve the relativized Schrödinger-type equation, we can also obtain a rather low tetraquark mass of 5672 MeV. However, our present consistent calculations both for the diquarks and tetraquarks in the realistic potential does not support the X(5568) as a tetraquark state. Moreover, we know that the masses of bsu flavor baryons Ξ b and Ξ * b are 5794 and 5945 MeV, respectively. It is natural to believe that the sqbq tetraquarks, containing an additional valence quark, should be above or at least around these two baryon states [37] . Another argument is that the tetraquark masses can be estimated by the spin-averaged mass of mesons roughly. This situation occurs in the study of the XYZ masses, where the tetraquark and molecular pictures can both give similar results in the most cases [77] . The spin-averaged mass (3M V + M P )/4 of B * , B, K * , and K is 6107 MeV [37] , which is well consistent with the 6150 MeV (AĀ case) in our present calculation.
When the finite size of diquark is considered, the one gluon exchange interaction between the diquark and antidiquark becomes weaker as well as the spin-spin interaction. The masses of the tetraquarks will increase, while the fine splitting becomes smaller. This situation is the same as the case adopted by Ebert, Faustov, and Galkin, where the mass of J P = 0 + SS type tetraquark is the lowest and the fine splitting is small [46] . In the F(r) = 0 limit, only the linear confining interaction remains, and the three AĀ type tetraquark states degenerate. Of course, the X(5568) cannot be described as a tetraquark state even the finite size and form factor of the diquark are taken into account.
In present work, we predict many open charm and bottom tetraquark states within the diquark-antidiquark scenario by solving the Schrödinger-type equation. It should be noted that only the mass spectra cannot ensure the existences of these states, and their production mechanisms and decay behaviors should also be investigated simultaneously. The strong decay behaviors are more essential, since the much broader structures cannot form or be detected. In fact, we predict the lowest sqbq state is 6150 MeV, which is much higher than the B s π and BK thresholds. Due to the large phase space, the predicted tetraquark states may fall apart immediately. Further studies on these tetraquark states are needed both theoretically and experimentally.
IV. SUMMARY
In this work, we study the masses of open charm and bottom tetraquark states in the diquark-antidiquark pictures using the relativized quark model proposed by Godfrey and Isgur. The diquark and antidiquark masses are obtained with the relativized potential, which is the half ofinteraction. Then, the diquark and antidiquark are regarded as the usual antiquark and quark, respectively. The form factor, simulating the diquark (antiquark) internal structure, is neglected in our calculations. This assumption means the diquark is treated as point-like or the distance between diquark and antidiquark is large enough.
The masses of the tetraquark states are obtained by solving the Schrödinger-type equation between diquark and antidiquark. We find the masses of sqbq tetraquark configuration are much higher than that of X(5568), which disfavors the possibility of X(5568) as a tetraquark state within the diquarkantidiquark scenario. The effects induced by the form factor and the finite size of the diquark are qualitatively analyzed. We expect that further experimental information can reveal the nature of the signal observed by D0 collaboration. 
